Iron (Fe)-homeostasis in the plastids is closely associated with Fe transport proteins that prevent Fe from occurring in its toxic free ionic forms. However, the number of known protein families related to Fe transport in the plastids (about five) and the function of iron in non-green plastids is limited. In the present study, we report the functional characterization of Zea mays Fe deficiency-related 4 (ZmFDR4), which was isolated from a differentially expressed clone of a cDNA library of Fe deficiency-induced maize roots. ZmFDR4 is homologous to the bacterial FliP superfamily, coexisted in both algae and terrestrial plants, and capable of restoring the normal growth of the yeast mutant fet3fet4, which possesses defective Fe uptake systems. ZmFDR4 mRNA is ubiquitous in maize and is inducible by iron deficiency in wheat. Transient expression of the 35S:ZmFDR4-eGFP fusion protein in rice protoplasts indicated that ZmFDR4 maybe localizes to the plastids envelope and thylakoid. In 35S:c-Myc-ZmFDR4 transgenic tobacco, immunohistochemistry and immunoblotting confirmed that ZmFDR4 is targeted to both the chloroplast envelope and thylakoid. Meanwhile, ultrastructure analysis indicates that ZmFDR4 promotes the density of plastids and accumulation of starch grains. Moreover, Bathophenanthroline disulfonate (BPDS) colorimetry and inductively coupled plasma mass spectrometry (ICP-MS) indicate that ZmFDR4 is related to Fe uptake by plastids and increases seed Fe content. Finally, 35S:c-Myc-ZmFDR4 transgenic tobacco show enhanced photosynthetic efficiency. Therefore, the results of the present study demonstrate that ZmFDR4 functions as an iron transporter in monocot plastids and provide insight into the process of Fe uptake by plastids.
INTRODUCTION
Iron (Fe) is essential for plant survival, since it is involved in life-sustaining processes (e.g. respiration, photosynthesis). Nonetheless, it is also highly toxic when present in excessive amounts, owing to the production of cytotoxic hydroxyl radicals via the Fenton reaction (Halliwell and Gutteridge, 1992) . As a result, plants have evolved a variety of special strategies for the acquisition, distribution, and storage of Fe in order to maintain cellular Fe homeostasis (Jeong and Guerinot, 2009) .
In higher plants,~80% of the cellular Fe in green leaves is located in the chloroplasts, which is central to photosynthesis (Finazzi et al., 2015) . However, plastids from heterotrophic tissues heavily rely on a nourished supply from close neighbors to ensure their survival, which reveals that non-green plastids can specialize in storing. Several plastid types have been described: chromoplasts for pigment synthesis and storage, leucoplasts for monoterpene synthesis, amyloplasts for starch storage, elaioplasts for lipid storage, and proteinoplasts for protein storage and modification. Proplastids (undifferentiated plastids) may develop into any of the above-mentioned plastids (Lopez-Juez and Pyke, 2005) . Of all forms of plastids, chloroplasts have a high Fe requirement, owing to their metabolism of photosynthetic pigments and the composition of submicroscopic structures in the thylakoid (Briat et al., 1995) . In the thylakoid, Fe also plays a major role in photosynthesis, since it is present in all the complexes involved in photosynthetic electron flow (Briat et al., 2015) . Additionally, assuming that the ratio of photosystem II and cytochrome b6f dimers is 1:1, each electron transfer chain in the photosynthetic pathway should contain a total of 30 Fe atoms (Blaby-Haas and Merchant, 2013) . Thus, chloroplasts are the major sink of Fe in plant cells.
For plastid Fe-acquisition, there is evidence of a reduction-based mechanism, since Arabidopsis thaliana ferric chelate oxidoreductase (AtFRO) 6 encodes a putative FRO (Feng et al., 2006) and because AtFRO7 is essential for reducing chloroplast Fe (III) chelate, as well as maintaining plant survival under Fe-deficient conditions (Jeong et al., 2008) . In fact,~80% of the total Fe in chloroplasts is thought to be incorporated into ferritin molecules in the stroma, each of which can accommodate up to 4500 Fe atoms (Carrondo, 2003) , whereas the remaining 20% is associated with the thylakoid membranes (Bughio et al., 1997) . To reach these destinations, Fe atoms must be transported across a wide variety of membranes, which requires the involvement of specialized transporter proteins; however, in plastids, few such Fe transporters have been reported.
Of the Fe transporters that have been described, A. thaliana permease in chloroplast 1 (AtPIC1), a homolog of Sll1656 in Synechocystis sp. PCC6803, was the first to be identified (Duy et al., 2007) and was reported to interact with the NiCo protein, a member of the Ni 2+ -Co 2+ transporter family. Therefore, the two proteins may function together in the transport of Fe into plastids for FeS-cluster biogenesis, thus promoting the assembly of FeS clusters into new proteins upon translocation (Duy et al., 2011) . One study reported that Nicotiana tabacum PIC1 (NtPIC1) enhances chloroplast development and that pic1 mutants exhibit an albino phenotype, which demonstrates the important role of PIC1 in the Fe homeostasis of plastids (Gong et al., 2015a) , whereas the overexpression of NtPIC1 enhanced the Fe content of shoots and limited Cd uptake (Gong et al., 2015b) . In contrast, the transcription of A. thaliana multiple antibiotic resistance1/iron regulated3 (AtMAR1/IREG3) can be repressed by Fe deficiency (Conte et al., 2009) , thus AtMAR1/IREG3 may play a role in the chelation, storage, and sequestration of Fe. The non-intrinsic ABC protein 14 (AtNAP14) is another candidate for the transport of Fe into the plastids, since the shoots of AtNAP14 transgenic plants contain~18 times more Fe than those of wild-type plants (Shimoni-Shor et al., 2010) . The A. thaliana mitoferrin-like gene AtMfl1 is only involved in the transport of Fe into chloroplasts when Fe is in excess (Tarantino et al., 2011) . Similarly, two members of the A. thaliana YELLOW STRIPE1-LIKE family (AtYSL4 and AtYSL6) have been proposed to participate in the release of Fe from chloroplasts and to detoxify Fe during plastid dedifferentiation (Divol et al., 2013) . Han et al. (2009) (Wilson and Connolly, 2013) . However, despite their importance, the processes of Fe transport in the plastids remain understudied.
In the present study, we aimed to demonstrate that the previously uncharacterized protein ZmFDR4 functions as an Fe-related protein, since ZmFDR4 was expressed earlier and more strongly under Fe-deficient conditions than under Fe-sufficient conditions. To characterize ZmFDR4 as an Fe transporter in plants, we investigated the protein's phylogeny and interspecific genomic patterns (yeast, algae, monocots, and a dicot) using Southern blotting, as well as the expression of ZmFDR4 in response to Fe deficiency via northern blotting. In addition, we investigated the expression patterns of ZmFDR4 in maize, rice, and transgenic tobacco using real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR). At last, we examined the protein's Fe 2+ transport ability using functional complementation analysis and subcellular localization in vivo. Moreover, the study also demonstrates that ZmFDR4 contributes to the increased Fe levels observed in the plastids and seeds of 35S:ZmFDR4 transgenic plants, which subsequently increases chlorophyll content and enhances photosynthetic efficiency, and thus, affects plastid development. Accordingly, our findings may enrich the current knowledge of plastid Fe transporters.
RESULTS

ZmFDR4 sequence and evolution analysis
A 3.3-kb differentially expressed Fe deficiency-related (FDR) clone was obtained from the cDNA library of Fe deficiency-induced maize roots (Yin et al., 2000) and was found to contain two open reading frames (ORFs; 1068 and 648 bp), which were designated ZmFDR3 (Han et al., 2009) and ZmFDR4, respectively. The 648-bp ZmFDR4 ORF was predicted to encode a 215-amino acid protein that had a molecular mass of~23.4 kDa and included four putative transmembrane domains ( Figure 1a ) and a single chloroplast-targeting transit peptide. BLASTing against the National Center for Biotechnology Information (NCBI) database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) indicated that ZmFDR4 was highly similar to the FLiP superfamily (Figure 1b) . Furthermore, we used restriction digestion to obtain a fragment from the ZmFDR4 ORF and then used the fragment as a probe for Southern blotting with the genomic DNA of wheat (Tritium aestivum), maize (Zea mays), rice (Oryza sativa), tobacco (Nicotiana tabacum), yeast (Saccharomyces cerevisiae), and algae (C. reinhardtii). The results indicated that the fragment was present in the genomes of wheat, maize, rice, and green alga genomic, but not in those of tobacco or yeast (Figure 1c) .
Additionally, a tblastx search of the monocot genomes included in the Gramene database ( Figure S1a ) confirmed that the gene was primarily present in monocots, and no hits were found in most of the dicots genomes (Figure S1b) . Moreover, other plant genomes were analyzed, namely Chlorophytae (C. reinhardtii, and Ostreococcus lucimarinus), Rhodophyta (Galdieria sulphuraria, Cyanidioschyzon merolae, and Chondrus crispus), Bryophyta (Physcomitrella patens), Pteridophyta (Selaginella moellendorffii), Amborella trichopoda, and Angiospermae. The results suggested that ZmFDR4 was present in Chlamydomonas reinhardtii, Ostreococcus lucimarinus, Chondrus crispus, Physcomitrella patens, and Amborella trichopoda, as well as in monocots (Figure S1c, d) . To study the evolution of ZmFDR4 throughout the green plant lineage, a neighbor-joining phylogenetic tree was constructed using MEGA4 (http://www.megasoftware.net). The results indicated that ZmFDR4 was present in both algae and terrestrial plants. However, at some point in plant evolution (e.g. Pteridophyta), ZmFDR4 appears to have been lost (Figure 1d) . Overall, we suggest that, within the Angiospermae, ZmFDR4 is present mainly in monocots.
Functional complementation analysis of ZmFDR4 in yeast mutants
To determine the involvement of ZmFDR4 in metal ion uptake, we investigated whether transforming ZmFDR4 into yeast mutants with defective metal uptake systems could ameliorate their metal ion-limited growth (Table S1 ). In order to verify the ability of ZmFDR4 to transport Fe, zinc (Zn), and manganese (Mn), respectively, the assay was performed using the DEY1453 (fet3-fet4) mutant, which is defective in both low-and highaffinity Fe uptake systems (Eide et al., 1996) ; the CM34 (zrt1zrt2) mutant, which is defective in both low-and high-affinity Zn uptake systems (Macdiarmid et al., 2000) ; and the smf1 mutant, which is more sensitive to ethylene glycol tetra-acidic acid (EGTA), a Mn chelator, than mutants of the two other NRAMP family members, namely smf2 and smf3 (Cohen et al., 2000; Portnoy et al., 2000) .
We found that the expression of ZmFDR4 significantly improved the growth of fet3fet4 grown under Fe-deficient conditions (15 lM BPDS; Figure 2a, (a) , in 500 lM MnSO 4 of +Mn or 5000 lM EGTA of ÀMn at 28°C, and (f) OD values were measured every 12 h. Serial dilutions (OD 600 = 0.1, 0.01, 0.001, and 0.0001) of the yeast cultures were dotted (4 lL) on synthetic defined uracil-deficient minimal medium. The growth of the yeast cells was documented at 3 days after inoculation.). Every independent measurement contained three replicates [mean AE standard deviation (SD); n = 3], **P < 0.01.
ZmFDR4 gene expression patterns and its transcript abundance in response to Fe deficiency
In order to investigate whether the expression of ZmFDR4 can be modulated by Fe deficiency, we measured transcriptional levels of ZmFDR4 in maize and wheat roots of Fe-deficient and Fe-sufficient conditions using northern blotting with 32 P-labeled ZmFDR4. ZmFDR4 mRNA was expressed 3 days earlier (ÀFe: 14 days, +Fe: 17 days; Figure 3a, d) in maize roots and 9 days earlier (ÀFe: 2 days, +Fe: 11 days; Figure 3b , e) in wheat roots under Fe deficiency than the control (Fe sufficiency), respectively. In addition, significant differences of ZmFDR4 mRNA in response to Fe deficiency were detected in wheat roots on 11, 13, and 16 days, compared with Fe sufficiency controls ( Figure 3e ). Collectively, we concluded that ZmFDR4 was expressed earlier and more strongly under Fe-deficient conditions than under Fe-sufficient conditions. Thus, these data have established that ZmFDR4 expression is activated by Fe deficiency.
To clarify the native expression patterns of ZmFDR4 in Zea mays, we examined the expression levels of ZmFDR4 in the root, stem, leaf tissues of 14-day-old seedlings and in the leaf, stamen, pistil, and developing seeds of soilgrown plants, using RT-qPCR analysis. Interestingly, although ZmFDR4 was initially obtained from maize roots, it was detected at the highest levels in developing seeds of all organs examined. The level of expression was as follows: developing seeds > stamen > mature leaves > stem > leaf > root > pistil (Figure 3c ).
Subcellular localization of ZmFDR4 in rice protoplast
ZmFDR4 was natively existed in rice genome (Figure 1c,  d) , a model species of monocots. To characterize the cellular localization of ZmFDR4, we constructed a vector that transiently expressed the ZmFDR4-eGFP fusion protein ( Figure 4a ) and transformed the fusion construct into rice protoplasts, which were isolated either from a rice cell suspension or from the leaves of rice seedlings. RT-qPCR indicated that the native ZmFDR4 mRNA expression levels of rice were higher in leaves than in the cell suspension (Figure 3f) , and GFP-expressing rice protoplasts were more homogeneously diffuse in the cytoplasm and did not merge with chlorophyll autofluorescence (Figure 4b ). The cell-derived protoplasts expressing ZmFDR4ÀeGFP, green fluorescence was observed in the plastids ( Figure 4c ). Meanwhile, in the seedling leaf-derived protoplasts, which contained larger and more numerous chloroplasts, we observed a cycloidal GFP signal along the circumference of the plastids, suggesting that ZmFDR4 might be localized in the plastids envelope ( Figure 4d ). We had previously suggested that ZmFDR3 is localized to the thylakoid (Han et al., 2009) . Interestingly, when compared with the ZmFDR3 controls that displayed a punctate pattern of fluorescence in plastids when expressed in protoplasts (Figure 4f) , the presence of ZmFDR4 was similarly detected inside the plastids (Figure 4e ). In addition, it is worth mentioning that the same protoplast presented different images (e.g., Figure 4d -f) with differential interference contrast (dic) are caused by divided layer images. Nonetheless, confocal microscopy indicated that ZmFDR4 may exhibit dual localization in both the plastids envelope and thylakoid.
Spatial patterns of ZmFDR4 expression in transgenic tobacco
Because we observed that the expression of ZmFDR4 is ubiquitous in maize and is inducible by iron deficiency ( (Figure 7b ). To investigate spatial patterns of ZmFDR4 expression, the root, stem, and leaf discs of 35S:c-Myc-ZmFDR4 transgenic tobacco seedlings were subject to in vivo immunostaining, using an anti-c-Myc antibody. The results revealed that ZmFDR4, which was absent in the wild-type controls ( Figure S2 ), colocalized with plastids and was much more active in both the stems and leaves than in the roots of 35S:ZmFDR4 transgenic tobacco . To confirm the presence of ZmFDR4, we purified the chloroplasts (Figure 5e ) from T3 generation 35S:ZmFDR4 transgenic tobacco seedlings and sub-fractionated into envelopes, stroma, and thylakoid. Using antibodies directed against the c-Myc-tagged ZmFDR4, the mature ZmFDR4 protein was detected in a total extract of isolated chloroplasts and was further enriched in the envelope and thylakoid fraction, whereas no activity was found in the stroma fraction (Figure 5f ) of 35S:ZmFDR4 transgenic tobacco and wild-type ( Figure S3 ). The resulting mature-sized protein was 227 amino acids long with c-Myc (12 aa) and ZmFDR4 (215 aa), and thus, had a molecular mass of~24 kDa. As marker proteins for the chloroplast sub-fractions, we used antibodies against the chloroplast inner envelope protein translocon complex protein (Tic40), thylakoid protein LHCII type I chlorophyll a/ b-binding protein (Lhcb1), and stroma protein RuBisCO large subunit, form I and form II (RbcL). The distribution of Tic40 and Lhcb1 (Figures 5f and S3 ) clearly indicated that chloroplast envelope and thylakoids were separated and had no cross-react.
The A. thaliana ferredoxin-NADP reductase (AtFNR) was previously reported to bind thylakoids by forming highmolecular-weight complexes with AtTIC62 (Benz et al., 2009) , and AtPIC1 has also been reported to associate with a 1-megadalton (MDa) translocation complex at the inner envelope membrane (1 MDa complex) via co-immunoprecipitation (Teng et al., 2006) . However, AtPIC1 is totally dissociated from the 1 MDa complex in the presence of high salts, which suggests that the relationship between them is attachment, not interaction (Nakai, 2015) . Since ZmFDR3 and ZmFDR4 were identified in the same FDR clone (Yin et al., 2000) and since both target the thylakoid (Figure 5f ), we performed a yeast two-hybrid screening, which is acknowledged as a key technique for detecting protein-protein interactions (Fields and Song, 1989) , and bimolecular fluorescence complementation analysis, in order to investigate whether ZmFDR4 interacts with thylakoids via ZmFDR3 (Han et al., 2009) . Yeast transformants carrying the ZmFDR3 (GAL4-AD-ZmFDR3)/pGBKT7 (GAL4-BD) vector failed to exhibit reporter gene HIS3 expression, which suggested that ZmFDR3 cannot function as an activator by itself. However, we also failed to observe the activation of HIS3 transcription in yeast transformed with ZmFDR3 (GAL4-AD-ZmFDR3)/ZmFDR4 (GAL4-BD-ZmFDR4) as efficiently as in the positive control (Figure 5h ). Therefore, it became important to analyze whether ZmFDR3 and ZmFDR4 would interact in plant cells. Accordingly, we performed bimolecular fluorescence complementation analysis using rice protoplasts (Shyu et al., 2006) . However, no signal was detected in any of the combinations of ZmFDR3 and ZmFDR4 (Table S2 and Methods S1), which ruled out any direct interaction between the two proteins in planta. Thus, based on the co-migration of ZmFDR4 with envelope membrane and thylakoid in rice and transgenic tobacco, we concluded that ZmFDR4 localizes to the plastid membrane and thylakoid, thereby emphasizing the proposed function of ZmFDR4 in iron ion sequestration into the chloroplast.
Effect of ZmFDR4 on plastid ultrastructure in transgenic tobacco
Transient ZmFDR4 expression in rice protoplasts and immunostaining in transgenic tobacco clearly indicated that ZmFDR4 was localized to the plastids. To determine the effect of ZmFDR4 on plastid development, we used transmission electron microscopy (TEM) to conduct indepth examination (Figure 6a-d) . In general, the first discernible change in the ultrastructure of 35S:ZmFDR4 transgenic tobacco plastids was the mean number of plastids per cell (Figure 6c ), which was significantly greater than that in wild-type controls (Figure 6e) . Additionally, the 35S: ZmFDR4 transgenic tobacco plastids usually contained two or three starch grains (Figure 6d) . Even though the development of cells in different locations was not synchronous (Figure 6a, b) , we suggest that ZmFDR4 enhances the density of chloroplast and the accumulation of starch grains by statistical analysis (Figure 6e, f) .
Role of ZmFDR4 in Fe transport in the 35S:ZmFDR4 transgenic tobacco plastids
To investigate ZmFDR4 expression in transgenic tobacco, RT-PCR was performed using ZmFDR4-specific primers (Table S3 ). An amplification product corresponding to ZmFDR4 was observed in the 35S:ZmFDR4 transgenic lines, whereas no amplification was detected in wild-type tobacco (Figure 7b ). In addition, protein immunoblot analysis was performed on total protein prepared from wild-type and 35S:ZmFDR4 transgenic lines to test for the presence of the ZmFDR4 protein. In the 35S:ZmFDR4 transgenic lines, a strong hybridization signal was observed (Figure 7b ), which reflects that expression of the ZmFDR4 gene was strongly increased in these overexpression lines. To confirm that ZmFDR4 promoted Fe uptake, the response of 35S:ZmFDR4 transgenic tobacco was assessed in the presence of limiting Fe supply in a hydroponic MS medium without Fe. After 5 weeks of the treatment, leaves of the 35S:ZmFDR4 transgenic lines were deep green, whereas those of the wild-type controls were chlorotic ( Figure 7a) ; and the chlorophyll content of the 35S:ZmFDR4 transgenic lines was increased throughout the Fe deficiency treatment period, whereas that of the wild-type controls steadily (GAL4-AD)/pGBKT7 (GAL4-BD), pGADT7 (GAL4-AD)/ZmFDR4 (GAL4-BD-ZmFDR4), ZmFDR3 (GAL4-AD-ZmFDR3)/pGBKT7 (GAL4-BD), ZmFDR3 (GAL4-ADZmFDR3)/ZmFDR4 (GAL4-BD-ZmFDR4), and Uev1A (GAL4-AD-Uev1A)/Ubc13 (GAL4-BD-Ubc13) with OD 600 values of 0.1, 0.01, and 0.001 were spotted (8 lL) onto synthetic defined (SD) solid media. The combination of GAL4-AD-Uev1A and GAL4-BD-Ubc13 was used as a positive control. +His, leucine-and tryptophan-deficient SD media; -His, leucine-, tryptophan-, and histidine-deficient SD media. The growth of the yeast cells was measured after 3 days of incubation. declined ( Figure 7c ). We also measured the rate of Fe uptake by chloroplasts purified from 35S:ZmFDR4 transgenic lines using the BPDS colorimetry (Solti et al., 2012) and, as expected, found that the chloroplasts Fe uptake rate of 35S:ZmFDR4 transgenic lines was almost twice that of wild-type controls (Figure 7d ). The result was subsequently corroborated by measuring Fe content using ICP-MS in isolated chloroplasts of wild-type and 35S:ZmFDR4 transgenic lines, which indicated stronger Fe accumulation (Figure 7e) . Such a high amount of Fe in the chloroplasts of 35S:ZmFDR4 transgenic lines is compatible with a role of ZmFDR4 in the Fe transport. Thus, we concluded that ZmFDR4 acts as an Fe transporter in the plastids. Because the seeds of maize where ZmFDR4 highly expressed are an important food source, we examined Fe content of dry seeds from 35S:ZmFDR4 transgenic tobacco using ICP-MS and found that the Fe content was significantly elevated (Figure 7g ), which indicated that ZmFDR4 has a positive effect on seed Fe loading.
Effect of ZmFDR4 on photosynthesis in the 35S:ZmFDR4 transgenic tobacco
As more green leaves and altered chloroplast number were observed in 35S:ZmFDR4 transgenic lines, whether ZmFDR4 has an effect on photosynthesis? We thus performed various measurements of photosynthetic performance. Compared with the control, Fe deficiency significantly decreased the photosynthetic rate (P n ), stomatal conductance (G s ), transpiration (T r ) and F v /F m value by 57.90% (P = 0.004), 57.14% (P < 0.001), 63.16% (P < 0.001), and 2.39% (P = 0.03) respectively, while intercellular CO 2 (C i ) was not affected (P > 0.05) in wild-type tobacco. Meanwhile, in leaves of transgenic tobacco under Fe deficiency, ZmFDR4 significantly increased the levels of P n , C i , G s , T r , and F v /F m (Table 1; P < 0.05) compared with wild-type control. The results showed that transgenic tobacco overexpressing ZmFDR4 which targeted to green plastid show enhanced photosynthetic efficiency.
DISCUSSION
ZmFDR4 presumably targets to chloroplast with four transmembrane domains
The presence of predicted N-terminal chloroplast transit peptides (CTP) suggests that~12% of nuclear-encoded Arabidopsis proteins are localized to the chloroplast (Abdallah et al., 2000) . However, CTPs lack detectable blocks of conserved amino acid sequences. ChloroP predicted that the ZmFDR4 precursor protein (23.4 kDa, 215 amino acids) contains a CTP, and BLASTing the sequence against the NCBI 2+ upon after to 3-(3,4-dichlorophenyl)-1,1-dimethylurea and light for 30 min (mean AE SD; n = 3). Fe content (e) and metal content (f) in isolated chloroplasts, and Fe content in dry seeds (g) from wild-type and 35S:ZmFDR4 transgenic tobacco, measured using ICP-MS (mean AE SD; n = 3). Every independent measurement contained > three replicates. *P < 0.05; **P < 0.01. nucleotide database indicated that the CTP shares 72.60% sequence identity with HrcR, a FliP superfamily from the plant pathogen (Xanthomonas campestris pv. Vesicatoria). The first 37 amino acid residues of HrcR (65.79% identity with ZmFDR4; Figure S4a ) is a membrane-spanning signal sequence (Berger et al., 2010) . Furthermore, immunoblot analysis identified a~24-kDa mature protein in the chloroplast envelope and thylakoid (Figures 5f), which would require the presence of a CTP. Thus, we believe that ZmFDR4 is, indeed, a plastid transit peptide and that the peptide is not cut after import into the plastid with four transmembrane domains ( Figure S4b, c) .
The evolution of ZmFDR4 throughout the green plant lineage
In the present study, we suggest that ZmFDR4 is present in algae, mosses, and monocots, but is absent in other species. Unraveling the evolutionary dynamics of ZmFDR4 is of particular interest owing to its role in plastid Fe uptake. In general, this could be due to several factors. Firstly, the current published genomic database is limited (for example five in algae, one in mosses, one in fern, 21 in monocots, and 15 in dicots). In the present study, despite the experimental evidence of Southern blotting, the resulting dataset ( Figure S1 ) come from only Gramene database. Secondly, there is a difference in the mechanism of the photosynthetic CO 2 fixation (e.g. C3, C4, and CAM pathway), which uses Fe as a key element to ensure electron flow through the PSII-b6f/Rieske-PSI complex (Briat et al., 2015) , between algae, mosses, ferns, monocots, and dicots. This is particularly important as ZmFDR4 is a thylakoid protein and related to Fe uptake. Finally, the strategies of Fe-acquisition mechanism in root have changed during evolution. For example the reduction-based strategy I of mosses and non-graminaceous plants, the chelation-based strategy II of graminaceous plants, and two Fe uptake mechanisms of Chlamydomonas reinhardtii (Lo et al., 2016) . Thus, we speculate that ZmFDR4, which belongs to a component of the plastids Fe-acquisition mechanisms, resulted from evolution with species specificity. Accordingly, only further experimental studies will clarify this point.
ZmFDR4 is an influx Fe transporter in the plastid envelope
AtPIC1 and AtYSL4/6 are two representative proteins that are responsible for Fe transport in chloroplasts, with AtPIC1 annotated as an influx Fe transporter and AtYSL4/6 annotated as an efflux Fe transporter, according to the results of inductively coupled plasma atomic emission spectrometry analysis and Perls/Diamino benzidine histochemical staining method, respectively (Duy et al., 2011; Divol et al., 2013) . The present study employed yeast functional complementation, which is widely recognized as an important method for investigating metal transporters in plants (Curie et al., 2000; Schaaf et al., 2005) , to demonstrate that ZmFDR4 restored the normal growth of the yeast mutant fet3fet4, which possesses defective Fe uptake systems, thereby indicating that ZmFDR4 functions as an Fe transporter (Figure 2a, b) . Meanwhile, in 35S:ZmFDR4 transgenic tobacco, we demonstrated that ZmFDR4 functions as a chloroplast Fe influx transporter because Fe concentration of chloroplasts was dramatically elevated via BPDS colorimetry, the application of which was confirmed previously (Solti et al., 2014) , and ICP-MS determination in vitro (Figure 7d, e) . In addition, the phenotypes of ZmFDR4 transgenic lines, either leaves with deep-green color or chloroplasts with higher chlorophyll content, corresponded with the effects of Nt-PIC1 on tobacco (Gong et al., 2015a) . Therefore, we have reason to believe that ZmFDR4 transports Fe into the plastid. However, it will be 
ZmFDR4 is a potential Fe transporter in the thylakoid
Fe is a cofactor in the thylakoid photosystem (PS) and mainly occurs as Fe-S clusters in PSI, but also as hemebridged Fe in cytochrome and non-heme Fe in PSII (Schmidt et al., 2015) . However, no Fe transporters in thylakoids have been reported with sufficient evidence until now. Indeed, the effect of thylakoid ZmFDR3 on the photosynthesis rate of transgenic tobacco was reported previously (Han et al., 2009 (Finazzi et al., 2015; Herdean et al., 2016) . More recently, a presumable Mn 2+ transporter was found in the thylakoid (Schneider et al., 2016) , which raises our confidence in reporting another metal ion transporter in the thylakoid membrane. In addition to localizing in chloroplast envelope, we have shown that ZmFDR4, a plastid Fe transporter, was also targeted to the thylakoid, and it will be fascinating to explore whether ZmFDR4 is a potential thylakoid Fe transporter with direct experimental evidence.
ZmFDR4 putatively participate in iron transfer in nongreen plastids at the organ level
The plastid iron transporter gene ZmFDR4 is highly detected at the organ level in maize and transgenic tobacco (Figures 3c and 4b-d) , however, the functions of iron in non-green plastids are less well defined. Nevertheless, many studies are reported and confirm a correlation between plastid function and Fe content. For instance, the expression of ZmFDR4 in sieve-tube plastids (S-type and Ptype plastid), which generally lack an extended thylakoid system, may function in the iron sequestration for the long-distance transport into the root (Zhai et al., 2014) . Additionally, ZmFDR4 expression in stamen may contribute to pollen germination where iron is a limiting condition (Schuler et al., 2012) . Moreover, during chloroplast dedifferentiation to proplastids in developing seeds, ZmFDR4 may function in iron loading. Thus, further examination of iron transport processes by ZmFDR4 in nongreen plastids should be worthwhile because ZmFDR4 expression may be related to physiological relevance of plastid.
ZmFDR4 affects plastid function
Starch is one of the photosynthetic products and is valuable because it serves as the main carbohydrate source for humans and as a renewable raw material for industry (Pfister and Zeeman, 2016) . In plants, however, the formation of leaf starch granules is tightly linked to the timing of starch granule initiation during chloroplasts division, granule size, shape, number per chloroplast (Gibon et al., 2004; Crumpton-Taylor et al., 2012) , ion homeostasis and fluxes for optimum photosynthetic function, and metabolic activities (Finazzi et al., 2015) . In 35S:ZmFDR4 transgenic tobacco, the prominent starch accumulation which is produced by photosynthesis was observed. Starch accumulation is considered a general feature of stressed plants . In the present study, it is unknown how exactly leaf starch content was influenced by ZmFDR4. However, this may be a common effect of increased chloroplast density (Figure 6e ) and excess Fe stress (Figure 7d, e) . As Fe is involved in both photosynthesis and chloroplast maintenance (Hansch and Mendel, 2009 ), we suggest that ZmFDR4 affects the plastid development and physiology via enhanced Fe uptake.
ZmFDR4 promotes Fe loading in seeds
Seeds are another specialized type of organ, besides leaves, because they need to store nutrients in preparation for germination, sprouting, and early seedling development (Pottier et al., 2014) . In A. thaliana seeds, Fe is mostly stored in the vacuoles of provascular cells of the embryo's cotyledons (Kim et al., 2006) . Metal loading in seeds depends on root uptake from soil and remobilization from senescent leaves. During leaf senescence, the chloroplast is the first organelle to be degraded (L opez-Mill an et al., 2016). In chloroplasts, AtYSL6 is strongly expressed in senescent leaves and may control Fe release from the chloroplast to seeds during senescence (Divol et al., 2013) ; However, AtPIC1 was reported to have a negative impact on seed Fe loading (Duy et al., 2011) . In the present study, the time course of ZmFDR4 expression in developing seed, which was found to have increased Fe content, may offer insight into increasing the Fe content of plant-based diets. Furthermore, ZmFDR4 does not appear to transport Cd, as the Cd content of chloroplasts from ZmFDR4 transgenic lines was low and similar to that of wild-type controls (Figure 7f) . Therefore, any potential applications of ZmFDR4 will not need to consider the potentially toxic effects of heavy metal (e.g. Cd) accumulation.
CONCLUSION
In summary, our data strongly suggest that ZmFDR4 functions as an Fe transporter protein in the plastids of monocots within the Angiospermae. This conclusion is based on: (1) amino acid sequence analysis, which revealed that ZmFDR4 did have orthologs in the genomes of several monocots but no orthologs in dicots; (2) functional complementation analysis, which demonstrated that ZmFDR4 restores the normal growth of the yeast mutant DEY1453 (fet3fet4) under Fe starvation; (3) in vivo transient gene expression, immunohistochemistry, and immunoblotting, which indicated that ZmFDR4 is co-localized to the plastid envelope and thylakoid; and (4) BPDS colorimetry and ICP-MS determination of Fe uptake of chloroplasts in vitro, which confirmed that ZmFDR4 is a functional Fe transporter in the chloroplasts of 35S:ZmFDR4 transgenic tobacco.
EXPERIMENTAL PROCEDURES
Analysis of the ZmFDR4 sequence
The amino acid sequence encoded by ZmFDR4 was predicted using MEGA4 (http://www.megasoftware.net); the putative transmembrane domains were predicted using TopPred 1.10 (http://mobyle.pasteur.fr/cgi-bin/portal.py?#forms::toppred); the chloroplast transit peptide of ZmFDR4 was predicted using ChloroP (http://www.cbs.dtu.dk/services/ChloroP/); and the threedimensional model of ZmFDR4 was predicted using I-TASSER analysis (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). Genome analysis of ZmFDR4 was via TBLASTX search in (http:// www.gramene.org/).
Molecular hybridization
The ZmFDR4 clone was digested with EcoRI/XhoI, and the ZmFDR4 fragment was re-backed using glass milk as a probe for Southern or northern blotting.
Southern blotting. The genomic DNA of maize, wheat, rice, tobacco, yeast, and algae was extracted using the cetyltrimethylammonium bromide (CTAB) method (Rogers and Bendich, 1989; Wilkie et al., 1997) , and Southern analysis was performed as described previously (Yin et al., 2007) .
Northern blotting. Total RNA was extracted from the roots of maize and wheat using the guanidinium thiocyanate-phenol-chloroform method (Chomczynski and Sacchi, 2006) . The purity of the RNA samples was assessed using the OD 260 /OD 280 ratio, and the concentration was measured using OD 260 . Subsequently, 50 lg of each RNA sample was mixed with 50% formamide, 2.5 M formaldehyde, and 1 9 3-(N-morpholino) propanesulfonic acid gel buffer; denatured at 60°C for 5 min; loaded onto a 1.2% (w/v) agarose gel, containing 37% formaldehyde; and separated at 40-50 mA for 3-4 h. The RNA was blotted onto nitrocellulose film overnight, and northern blotting was performed using XhoI double-nick end ZmFDR4 cDNA that was labeled with 32 P-dCTP by nick translation as the hybridization probe. After hybridization, the blot was washed twice (0.5 9 saline sodium citrate, 0.5% SDS) at 60°C for 10 min, and specific hybridization signals were detected using a 1-week exposure with a phosphorimager.
Construction of expression plasmids for plants and yeast
The translated region of ZmFDR4 was PCR-amplified from the pBK-CMV-ZmFDR plasmid (Yin et al., 2000) , which contained the entire ZmFDR4 coding sequence, using the forward primer BamHI-N-ter (5 0 -CCAGGATCCATGAACGCCGCGCCTGACGT-3 0 ) and the reverse primer SacI-C-ter (5 0 -CCCGAGCTCTACTTGTAGGTGGAGATCA-3 0 ). The translated region was then cloned into the pBI121 vector using BamHI and SacI. The synthesized DNA encoding the BamHI-cMyc-BamHI epitope (GGATCCGGTATGGAGCAAAAGCTCATTTC TGAAGAGGACTTGGGATCC) was then inserted into the pBI121-ZmFDR4 vector using BamHI to generate the plant expression vector pBI121-c-Myc-ZmFDR4. After validating the recombinant plasmids, we introduced them into A. tumefaciens strain EHA105, which was subsequently transformed into wild-type tobacco using the leaf disc method for obtaining kanamycin-resistant transgenic tobacco plants (Naren et al., 2012) . Meanwhile, for transient expression, the translated region of ZmFDR4 was cloned into the pBI221-eGFP vector (Zhang et al., 2014) using BamHI and SacI. The expression of both the c-Myc-ZmFDR4 and ZmFDR4-eGFP fusion proteins occurred under the control of the CaMV 35S promoter. For expression in yeast cells, the translated region of ZmFDR4 was cloned into the galactose-inducible vector pYES2.0 (P GAL1 )-Ura (pYES) using BamHI and SacI.
Yeast strains and metal uptake assay
The verified recombinant pYES-ZmFDR4 vector and the empty pYES vector (control) were transformed into fet3/fet4, zrt1zrt2, and smf yeast mutants (Table S1 ) using the acetic acid lithium method (Gietz et al., 1992) . Untransformed yeast cells were grown in medium (pH 5.5) containing 1% yeast extract, 2% tryptone, and 2% glucose, whereas the transformed yeast cells were grown in synthetic defined medium without uracil (SD-U, pH 5.5; 0.67% yeast nitrogen base and 0.077% -ura drop-out supplement) that was supplemented with 2% glucose. When grown to the exponential phase, the yeast transformants were diluted to OD 10 À1 -10 À4 at 600 nm. Then, 4-lL aliquots of the fet3/fet4, zrt1zrt2, and smf cultures were spotted onto plates with SD-U medium that contained 2% galactose to induce gene expression via the Gal1 promoter and was either Fe-sufficient (+Fe; 5 lM, 10 lM, or 15 lM Fe 2+ -EDTA) or Fedeficient (-Fe; 5 lM, 10 lM, or 15 lM BPDS), zinc-sufficient (+Zn; 5 lM, 50 lM, or 150 lM ZnSO 4 ) or zinc-deficient (ÀZn; 2.5 lM, 5 lM, or 10 lM EDTA), or manganese-sufficient (+Mn; 20 lM, 100 lM, or 500 lM MnSO 4 ) or manganese-deficient (ÀMn; 2.5 lM, 5 lM, or 5000 lM EGTA), respectively. The plates were incubated at 28°C for 3 days. Yeast colonies with an OD 600 of 1.0 were inoculated into the same liquid medium, and OD 600 values were measured every 12 h (Li et al., 2015b) .
Immunohistochemistry of 35S:c-Myc-ZmFDR4 in transgenic tobacco
Stems and leaves of wild-type and 35S:c-Myc-ZmFDR4 transgenic tobacco plants were used to prepare paraffin sections. Immunohistochemistry was performed as described previously (Han et al., 2009) . The sections were observed using a Leica TCS-SP2 laser scanning confocal microscope (http://www.leica-microsystems.c om), with excitation/emission at 488 nm for c-Myc green fluorescence and at 543 nm for chlorophyll red autofluorescence.
Subcellular localization of 35S:ZmFDR4-eGFP fusion protein in rice protoplasts
Protoplasts were isolated either from rice suspension cells (Oryza sativa L. 'Nipponbare') or the leaves of 14-day-old rice seedlings (Oryza sativa L. 'Japonica'), which were cut into 0.5-mm pieces using sharp razors. Cultivation of rice seedlings was performed as described previously (Wang et al., 2011) . The isolation and transient transfection of rice protoplasts with 35S:eGFP, 35S:ZmFDR4-eGFP, and 35S:ZmFDR3-eGFP was performed as described previously (Li et al., 2015a) . The transformed protoplasts were identified by fluorescence using a Zeiss LSM 5 LIVE confocal microscope (http://www.ze iss.com), with excitation/emission at 488 nm for GFP detection and 543 nm for chlorophyll autofluorescence. Images were obtained and analyzed using the Zen 2007 software (Zeiss, Jena, Germany).
Plant materials and growth conditions
The 35S:c-Myc-ZmFDR4 vector was transformed into A. tumefaciens strain EHA105 using the freeze-thaw method, whereas the leaf disc method was used to generate transgenic tobacco (Yang et al., 2010) . After confirming transformation via kanamycin resistance and PCR-amplification of the ZmFDR4 sequence, seeds of the T1-generation transgenic tobacco plants were planted in soil to obtain the T2 and T3 generations. Briefly, seeds of wild-type and ZmFDR4 transgenic tobacco plants were surface-sterilized by soaking them in 70% ethanol for 1 min and 15-20% NaClO for 15-20 min, washed three times with sterile distilled water. Afterward, wild-type tobacco seeds were incubated on MS medium (pH 5.8) that was supplemented with 2% sucrose and 1% agar, whereas seeds of the transgenic plants were grown on the MS medium (pH 5.8) that was supplemented with 2% sucrose and 1% agar and 50 mg L À1 kanamycin at 28°C under full sun conditions (16-h light/ 8-h dark).
RT-qPCR analysis
First-strand cDNA was synthesized from the total RNA of maize, rice, and tobacco as described previously (Li et al., 2015a) , and RT-qPCR was performed using SYBR Premix Ex Taq (TaKaRa), with gene-specific primers (Table S3 ). Relative transcript levels (RTL) were calculated relative to the transcript levels of reference genes: RTL = 2
ÀDCt
, and changes in cycle threshold (DCt) values were calculated as follows: DCt = Ct (ZmFDR4) -Ct (reference gene).
Isopycnic centrifugation and western blotting
Proteins were extracted from 21-day-old wild-type and 35S: ZmFDR4 transgenic seedlings that had been grown under Fe-deficient (0 lM Fe 2+ -EDTA) conditions. The seedlings were ground in liquid nitrogen, resuspended in buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 0.1% Tween-20, 1 mM DTT, 10% glycerol and protease inhibitor cocktail) for 2 h, and centrifuged at 20,000 g for 15 min at 4°C. The resulting supernatants were used as total protein samples.
Chloroplasts of 21-day-old wild-type and 35S:ZmFDR4 transgenic seedlings that had been grown under Fe-deficient conditions (0 lM Fe 2+ -EDTA) were purified, as described previously (Ferro et al., 2003) . The purification of envelope membranes, stroma, and thylakoids was conducted by isopycnic centrifugation in sucrose gradients (0.93 M, 0.6 M, or 0.3 M sucrose), in which the stroma was recovered from the 0.3 M sucrose, the envelope membranes were in the layer between the 0.6 M and 0.93 M sucrose, and the thylakoids formed a pellet (Block et al., 2002) .
A 20 lg sample of total protein, total chloroplast protein, and the sub-plastidial fractions (envelope membrane, stroma, and thylakoid proteins) was separated using SDS-PAGE (12% acrylamide [w/v] ) and transferred to a polyvinylidene difluoride membrane using electroblotting (Towbin et al., 1979) . The immunodetection of c-Myc-ZmFDR4 was performed using Myc-Tag Rabbit monoclonal antibody diluted to 1:1000. After incubation at 4°C for 12 h, the blots were washed three times with a mixture of 1 9 TBS and 0.2% Tween-20, incubated at 25°C with the secondary HRP-linked goat anti-rabbit IgG antibody (1:5000 dilution), and then washed three times with the TBS-Tween mixture for 15 min each. After incubation in Amersham ECLTM Prime Western Blotting detection reagent (GE Healthcare, Rockford, IL, USA) at 25°C for 5 min, the specific protein bands were visualized using a LAS3000 Imaging System (Fujifilm, http://www.fujifilm.com).
Western blotting (control) was performed with polyclonal antibodies (Table S4 ) against Tic40 (envelope marker) to hybridize with chloroplast and envelope membrane proteins; against Lhcb1 (thylakoid marker) to hybridize with chloroplast and thylakoid proteins; and against RbcL (stroma maker) to hybridize with chloroplast and stroma proteins.
Yeast two-hybrid assay
The pGADT7 vector contains the GAL4 activation domain (GAL4-AD) sequence and the LEU2 gene as a selectable marker, whereas the pGBKT7 vector contains the GAL4 DNA-binding domain (GAL4-BD) sequence and the TRP1 gene as a selectable marker. For the yeast two-hybrid assay, the translated region of ZmFDR3 was cloned into the pGADT7 (GAL4-AD) vector using BamHI and SacI, and ZmFDR4 was cloned into the pGBKT7 (GAL4-BD) vector using EcoRI and BamHI. The verified recombinant vectors pGADT7 (GAL4-AD) and pGBKT7 (GAL4-BD); pGADT7 (GAL4-AD) and ZmFDR4 (GAL4-BD-ZmFDR4); ZmFDR3 (GAL4-AD-ZmFDR3) and pGBKT7 (GAL4-BD); and ZmFDR3 (GAL4-AD-ZmFDR3) and ZmFDR4 (GAL4-BD-ZmFDR4) were simultaneously transformed into Saccharomyces cerevisiae PJ69-4A, using the acetic acid lithium method, respectively (James et al., 1996) . GAL4-AD-Uev1A and GAL4-BD-Ubc13 transformants were generous gifts from Wei Xiao (College of Life Sciences, Capital Normal University, Beijing, People's Republic of China; Department of Microbiology and Immunology, University of Saskatchewan, Saskatoon, Canada). The transformants were selected using leucine-and tryptophandeficient SD media and then transferred to leucine-, tryptophan-, and histidine-deficient SD media to complete the yeast two-hybrid assay.
Preparation of ultra-thin sections and observation under electron microscopy
Ultra-thin sections of wild-type and ZmFDR4 transgenic tobacco leaves were prepared according to Han et al. (2009) . The samples were observed using an H-600 TEM (Hitachi, http://www.hitachihightech.com) at 75 kV.
Metal ion and chlorophyll content in transgenic tobacco
The metal content of the chloroplasts and seeds was measured using ICP-MS (PerkinElmer, http://www.perkinelmer.com), as described previously (Tan et al., 2015 (Tan et al., , 2016 , whereas the chlorophyll content was measured as follows. Seeds of T3 transformants were sterilized and germinated on Fe-deficient MS medium that was supplemented with 2% sucrose, 1% agar, and 50 mg L À1 kanamycin (pH 5.8), whereas wild-type tobacco seeds were grown on the same medium without kanamycin. After 2 weeks of culture, the plantlets were transferred to Fe-deficient MS medium for an additional 3 weeks, during which the nutrient solution was renewed every 4 days. The chlorophyll content (SPAD index) of the leaves was measured using a portable SPAD-502 chlorophyll meter (Konica-Minolta, http://www.konicaminolta.com; Kobayashi et al., 2012) .
Measurement of photosynthetic parameters and PSII maximum quantum yield (Fv/Fm) Measurement of photosynthetic parameters was performed according to Han et al. (2009) . Chlorophyll fluorescence was measured at 25°C in vivo on single leaves using a Junior-PAM fluorometer (Heinz Walz, Effeltrich, Germany). The F v /F m (F v , the variable chlorophyll fluorescence yield, defined as F m -F 0 ) was determined in dark-adapted (30 min) tobacco leaves. After determining the initial chlorophyll fluorescence yield (F 0 ) under 10 lmol m À2 sec
À1
, the maximum chlorophyll fluorescence yield (F m ) was determined using a 0.5 sec pulse of saturating 'red light' (5000 lmol m À2 sec
) and F v /F m was auto-calculated (Manara et al., 2013) .
Measurement of Fe uptake by BPDS colorimetry
The uptake of Fe by chloroplasts of 35S:ZmFDR4 transgenic tobacco was measured using the BPDS colorimetry, as described by Solti et al. (2012) . Briefly, Uptake medium contained 0.5 mL chloroplast suspension, 10 mM 3-(3,4-dichlorophenyl)-1,1-dimethylurea, and a Fe 2+ source (100 mM FeSO 4 Á7H 2 O, 100 mM EDTA-Na 2 ) at 25°C in the dark (control) or light. For the experimental samples, Fe uptake was initiated by exposure to 120 lmol m À2 sec À1 photosynthetic photon flux density (light source: mercury lamp) for 30 min and was terminated by placing the samples on ice in the dark. The Fe uptake of the chloroplasts was calculated as: Fe uptake = Fe light -Fe dark , where Fe light and Fe dark are the Fe contents of chloroplasts exposed to the experimental and control treatments, respectively.
Statistical analysis
In the present study, three technical repetitions were conducted for all measurements and three to five biological repetitions were used for each treatment. Statistical analyses were performed using Microsoft Excel. Differences between the mean values of the treatments were analyzed using Student's T-test, and differences were considered significant at P < 0.05. Data are reported as the mean values of three to five replicates.
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